The CERN Proton Synchrotron Booster (PSB) has been known to suffer from horizontal instabilities since its early operation in the 1970s. These instabilities appear at specific beam energies and range of working points. The source of the instability and the reason why the instabilities appear at specific energies remained unidentified. However, in routine operation, the instabilities have not been limiting the PSB performance reach thanks to the use of a horizontal feedback system, which can suppress their onset for all beam intensities needed in the PSB. Recently, the interest in these instabilities has been revived by the ongoing LHC Injectors Upgrade (LIU) program, as well as, the Physics Beyond Colliders (PBC) study group. In fact, the PSB is being upgraded to a new energy range and higher beam intensities will be requested in future operation. To ensure that these instabilities will not limit the PSB performance in the future parameter range, a systematic characterization has been carried out through several measurements and models. At fixed energy, the dependence of the instability on the working point has been fully studied experimentally. Macroparticle simulations and analytical modeling have been applied to explain the measurements, suggesting that the main driving term behind these instabilities is the unmatched termination of the PSB extraction kickers. Analytical studies also explained for the first time why the instability appears at specific energies in the PSB cycle and showed that no other instability is expected above 1.4 GeV. Finally, the hypothesis on the main instability driving term has been verified experimentally by performing measurements with the kicker terminations temporarily matched. In this configuration, no sign of instability was observed and the extraction kicker could be unambiguously identified as the source of the instability. Some options to permanently suppress the source of the instability are proposed.
I. INTRODUCTION
The Proton Synchrotron Booster (PSB) is the first circular accelerator of the CERN injector complex, in operation since 1972. It consists of four vertically stacked synchrotron rings that receive beams with a kinetic energy of 50 MeV from Linac2 and accelerate them to 1.4 GeV [1] . The PSB delivers a variety of beams for the downstream Proton Synchrotron (PS) [2] , Super Proton Synchrotron (SPS), and Large Hadron Collider (LHC) machines, as well as, high intensity beams for the on-line isotope mass separator facility ISOLDE [3] . A typical ISOLDE beam has an intensity of around 0.8 × 10 13 protons per pulse per PSB ring.
The beam requirements for the High Luminosity LHC (HL-LHC) [4] exceed the capabilities of today's CERN injector complex. In particular, the LHC Injectors Upgrade (LIU) project [5] aims to increase the LHC beam intensity and brightness by a factor of two for the HL-LHC era. During the second long shutdown (LS2) phase, the LHC, the accelerator complex, as well as the experiments have stopped to allow major upgrades of the accelerator complex to take place. Within the scope of the LIU project, the linear accelerator Linac2 is replaced by a new machine, Linac4 [6, 7] , a normal conducting 160 MeV H − linear accelerator. The future kinetic injection energy to the PSB will hence be increased from 50 MeV to 160 MeV [8] to reduce space charge effects [9] . The extraction beam kinetic energy will also be increased from 1.4 GeV to 2 GeV, with the exception of the ISOLDE facility that will not be upgraded but may require higher intensity per pulse in the framework of Physics Beyond Colliders (PBC) [10] .
The four rings of the PSB are identical and the machine layout is shown in Fig. 1 . Its lattice has a 16-fold symmetry with each basic period consisting of a bending magnet, followed by three quadrupoles, another bending magnet, and a straight section. The machine operates with natural negative chromaticity below transition and has a radius of 25 m.
A horizontal head-tail instability has been observed in the PSB starting from the 1970s (see Ref. [14] of [12] ). The instability, developing when the transverse feedback (TFB) [13] is not in operation, causes severe beam losses of up to 100%. Past studies indicate that a possible source might be the resistive wall impedance [14] and report instabilities occurring at two different times in the PSB magnetic cycle (∼100 ms and ∼200 ms after injection). In [15] , it is mentioned that head-tail instabilities are observed at three different, but reproducible times in the PSB magnetic cycle (∼100 ms, ∼200 ms, and ∼400 ms after injection). Later studies [16] suggest that a large ripple in the power supply of the focusing quadrupole could be responsible for the instability. The beam coupling impedance of the extraction kickers was first suspected in [12, 17, 18] but without any measurements, simulations, or analytical studies to support the hypothesis.
The instability observed in the PSB became more severe following a modification of the extraction kicker during the LHC era. The modification, which consisted mainly of replacing the old kicker cables with low-loss cables, caused an increase of the impedance resonances due to the coupling of the beam with the cables [19] . The studies performed in [19] predicted an impact on the stability for only a very high mode number. The conclusion was that in the worst case scenario the TFB would be able to suppress the instability, which was indeed the case up to now.
Despite the numerous studies on the horizontal headtail instability in the PSB over the past decades, the true source of the instability remained unknown for more than 40 years. Moreover, the mechanism of the three instabilities [20] appearing at different energies and thus PSB cycle times, could not be identified. Although the instability is fully controlled in everyday operation by the TFB, interest on the subject was sparked in view of the LIU that will increase the injection and extraction energies of the PSB to 160 MeV and 2 GeV, respectively, and will provide the potential to accelerate higher intensity beams in the framework of PBC. In fact, 160 MeV is the energy where the instability appears for certain working points which implies two things. First, the TFB must be active from the very beginning of the PSB cycle to be able to suppress the fast beam instability. Second, if the TFB is ineffective for even just a few ms, the choice of the working point in terms of horizontal tune can be severely restricted. Furthermore, due to the higher ejection energy of 2 GeV the question arises whether yet another critical energy for beam stability exists.
In this paper we will discuss the recent experimental, simulation, and theoretical studies that identified undoubtedly the unmatched termination of the PSB extraction kicker KFA14L1 as the source of the instability. In Sec. II, recent beam-based measurements are presented that reveal a clear dependence of the beam losses and instability rise time on the horizontal tune. In Sec. III, simulation results using the macroparticle tracking code PyHEADTAIL [21] and the semi-analytic code DELPHI [22] are discussed, and found to be in good agreement with the measurements and theory. In Sec. IV, Sacherer's theory is compared with measurements and simulations and is used for the first time to explain the instability at different energies. A prediction for the future ejection energy of 2 GeV is also derived. In Sec. V, the PSB extraction kicker system is described along with its temporary modification used in a machine experiment to identify the source of the instability. Options for a permanent modification of the extraction kicker are discussed in Sec. VI. Finally, the main results of the paper are summarized in Sec. VII.
II. BEAM-BASED MEASUREMENTS
A measurement campaign was undertaken to characterize the instability at a constant energy plateau of 160 MeV in order to mimic the future PSB injection energy from Linac4. The beam intensity, machine tunes, and chromaticity were varied. Beam losses, instability rise time, and head-tail modes were the observables of interest. Measurements were performed with and without the TFB to be able to disentangle the losses due to the collective instability from those due to resonance crossings.
A. Dependence on horizontal tune
In the following,
is the first-order chromaticity, where δ ¼ Δp=p 0 is the relative momentum deviation, and 
denotes the normalized chromaticity, where Q x;y is the betatron tune. The operational chromaticity of the PSB is close to the natural one and measured to be ξ x ¼ −0.7 AE 0.1 and ξ y ¼ −1.6 AE 0.1 for the horizontal and vertical plane respectively. Sets of measurements were taken for different beam intensities and chromaticities using a single bunch and single harmonic radio-frequency (rf) system. An example is given in Fig. 2 . The horizontal beam centroid is displayed over 6 × 10 4 turns in the top left plot, exhibiting an exponential growth. The linear fit of the centroid's positive envelope in logarithmic scale is shown in the bottom left plot and indicates an instability rise time of τ ¼ 5.2 ms. The data used in the fit is marked in red in the top left plot. The beam intensity as a function of the PSB cycle time can be seen in blue in the upper right plot. The injected intensity is approximately 2.4 × 10 12 p. Some losses are observed right after injection at 275 ms due to the rf capture process. The losses of interest, however, are along the constant energy plateau, indicated between the black dashed lines. The intensity is recorded with a beam current transformer (BCT) [23] and the losses are calculated as the relative difference at the end and at the beginning of the 160 MeV plateau. In this case, the losses due to the instability are ∼17%. The 6 × 10 4 turns of data recorded are marked in the blue shaded area in the top right plot, indicating the corresponding time in the PSB cycle. The kinetic energy is plotted in green in the right-hand plots. Finally, the transverse tunes are given as a function of the machine cycle time in the bottom right plot. Both horizontal and vertical tunes are varied with the TFB on while the kinetic energy increases following the injection procedure of the high-intensity ISOLDE-type beams. Space charge creates a large incoherent tune spread and the working point is carefully optimized during the energy ramp with the vertical tune set above the half-integer [24, 25] to inject high-intensity beams. Q x and Q y are then kept constant along the 160 MeV plateau. The TFB is on or off for the whole duration of the plateau, depending on the needs of the measurements. The constant tunes in the specific example correspond to Q x ¼ 4.23 and Q y ¼ 4.20.
Data were collected and analyzed for various horizontal tunes. The latter is varied between 4.10 and 4.45. The results are presented in Fig. 3 for an intensity of 2 × 10 12 p. In the upper plot, the losses are shown as a function of the horizontal tune. The losses reach up to 100% when the TFB is off (red points) and are more severe for tunes between 4.23 and 4.30. The maximum losses occur at Q x ¼ 4.26. Instead, when the TFB is on, no beam losses occur (blue crosses in the upper plot). In the bottom plot, the instability rise time versus Q x is shown. The grey points correspond to the five acquisitions per tune-setting. The red points represent the mean value at each Q x , while the error bars are given by the standard deviations. The fastest rise time is observed for a horizontal tune of Q x ¼ 4.26 and is 0.6 ms.
Data were also recorded for different beam intensities between 3 × 10 12 p and 6 × 10 12 p. The results are shown in Fig. 4 . The range of tunes where beam losses occur is common for all intensities and lies between 4.23 and 4.30. As the intensity increases, some losses due to incoherent effects are also observed. For example, with intensities N ¼ 5 × 10 12 p and N ¼ 6 × 10 12 p, losses occur even when the TFB is on (blue crosses). The losses at Q x ∼ 4.18 are attributed to the coupling resonance. As the intensity increases, the losses caused by the head-tail instability also increase making the curve wider. The range of tunes where losses are severe lies between 4.21 and 4.30. The dependence of the horizontal instability on the working point is also evident from the bottom plots where the rise time is shown versus Q x . As Q x approaches 4.21, a slow instability appears with a rise time of approximately 15 ms, and for Q x ¼ 4.26 the instability is very fast with a rise time of 0.3 ms for N ¼ 5 × 10 12 p [ Fig. 4(c) ]. As Q x increases further, the instability becomes slower again. Figure 4 demonstrates why it is important to suppress the head-tail instability after LS2. For certain working points, the instability develops at exactly the future injection energy of 160 MeV. Without limiting the choice of the working point to avoid triggering the instability, the obvious requirement is that the PSB TFB should work right from injection, including during the transients of the multi-turn injection and filamentation.
An upgrade of the TFB was already envisaged for LIU and the new hardware was installed in 2018 [26] . Thanks to the new hardware, it is expected that the TFB will be operational from the very beginning of the PSB cycle and therefore be able to suppress the potential instability for tunes between 4.21 and 4.30. In previous operation, a blind zone for the TFB was up to ∼1 ms after injection, due to saturation caused by the large beam position offset signals. However, a digital suppression of the latter will be employed in the future allowing for an increased dynamic range of the system. The new system will also be able to cope with the increased beam intensity expected in 2021 (60% increase in the PSB). Despite all the promising results on hardware testing [26] , identifying the instability source remains an important task in order to improve our understanding of the underlying mechanism and to propose the implementation of permanent mitigation techniques.
B. Dependence on chromaticity
In the PSB, the chromaticity is controlled by one family of 16 sextupoles, one located in each of the basic periods of the machine. This configuration results in a coupled control of the horizontal and vertical chromaticities. In operation, the horizontal chromaticity is ξ x ¼ −0.7 AE 0.1. When the sextupoles are powered at their maximum current of 200 A, the chromaticity is decreased to ξ x ¼ −2.75, while the vertical chromaticity increases.
Data were collected for a range of horizontal chromaticities between −0.75 and −2.75. The measured beam losses and rise time versus horizontal chromaticity are summarized in Fig 
C. Head-tail pattern
Turn-by-turn traces were acquired with a horizontal pick-up in the PSB. The amplitude of the pick-up signal is shown in Fig. 6 for various chromaticities. The head of the bunch is located on the left-hand side of the plots, while the tail is on the right-hand side. For ξ x ¼ −0.7, i.e., close to the natural value, an intrabunch pattern with two nodes is visible, indicating a radial mode m ¼ 2 [ Fig. 6(a) ]. As the sextupole current increases and chromaticity becomes larger in absolute value, the radial mode number also increases. For I sext ¼ 190 A, corresponding to ξ x ¼ −2.7, the radial mode m ¼ 13 appears [ Fig. 6(f) ]. Measurements were taken at an intensity N ¼ 3 × 10 12 p using a singleharmonic rf system. A head-tail mode with three nodes had also been reported in [15] with single-harmonic rf, presumably at a chromaticity close to the natural value. A pattern with m ¼ 13 [ Fig. 6 (f)] is recorded and reported for the first time in the PSB, and in fact corresponds to the highest order radial mode ever observed in the CERN accelerator complex. 
III. SIMULATIONS
A narrow-band resonator impedance has been suspected in the past in [12, 17, 18] as the potential source of the instability. In 2010, Chanel and Carli performed vector network analyzer (VNA) measurements of the S 11 reflection coefficient [27] on the transmission cables and kicker magnets to identify the frequencies of the resonances due to the coupling with the external circuits [28] . The results in Fig. 7 reveal three resonances at ∼1.65 MHz, ∼4.9 MHz, and ∼8 MHz. For these measurements the VNA was connected at the thyratron end of the transmission cables. The resonances are suspected to be associated with the short-circuit terminations of the PSB extraction kicker.
In order to investigate if the 1.65 MHz line is responsible for the observed instability, 6D macroparticle tracking simulations with the PyHEADTAIL code were performed for comparison with measurements. PyHEADTAIL computes, among others, the bunch centroid signal in the time domain. The macroparticles experience the effect of wake fields at the interaction points along the machine circumference as defined by the user. Chromaticity is also included in the code by changing the phase advance of each macroparticle according to its momentum deviation. The main parameters used in PyHEADTAIL are shown in Table I .
As a first step, a narrow-band resonator, nonlinear synchrotron motion, and a parabolic matched bunch distribution were used (see Fig. 8 ). The exact frequency of the resonator, i.e., 1.72 MHz, was found by performing a fit in simulations to best reproduce the measured behavior of the instability rise time versus horizontal tune. This value is indeed close to the lowest resonance measured in Fig. 7 and to the expectation from the beam coupling impedance Fig. 9 , where the red points are the measurements with mean and standard deviation of five shots and the dashed green curve corresponds to the PyHEADTAIL results using the narrow-band resonator. The frequency domain Vlasov solver DELPHI (dashed blue curve in Fig. 9 ) is also used for comparison against measurements and PyHEADTAIL, and found to be in good agreement. The PSB impedance model including an accurate model of the extraction kicker with cables has been recently developed [30, 31] . The extraction kicker is approximated as an ideal transformer, while the external impedance including cables is calculated resorting to the transmission line theory. The PSB impedance model also includes resistive wall impedance, indirect space charge, flanges, step transitions, injection kickers, extraction kicker magnet losses in the nonultrarelativistic regime [32, 33] , and cavities. The full PSB impedance model is used in PyHEADTAIL for comparison with measurements and found to be also in good agreement (dashed light green curve in Fig. 9 ). The rise time can also be calculated from the theoretical point of view using the Sacherer theory [34] and the full PSB impedance model. The results are plotted in Fig. 9 with the dashed grey curve.
As a next step, the azimuthal mode number of the instability is investigated [35, 36] . In Fig. 10 , the measured horizontal centroid is shown versus turns (top left), while the simulated one using the full PSB impedance model is in the top right plot. In the bottom plots, the fast Fourier transform (FFT) of the measured and simulated centroid signals are shown in the left and right plots respectively. Using a sliding-window FFT, the frequency spectra are obtained at different numbers of turns, indicated by the colored vertical lines in the top plots. The FFT from the measured data indicates that the instability is of azimuthal mode number -5 (bottom left plot), in agreement with PyHEADTAIL (bottom right plot). The slight shift of the peaks away from the integer is related to the intensity.
Last, simulations are compared with measurements in terms of the radial mode of the instability. The measured head-tail modes as recorded by the horizontal pick-up in the PSB [see Fig. 11 (a)] agree well with DELPHI simulations [37] [ Fig. 11(b) ] for a horizontal tune of 4.26. Over the whole range of explored tunes, however, the number of nodes in the intra-bunch patterns can differ by few units, suggesting that some additional ingredient may need to be included in the analysis (e.g., direct space charge and/or other nonlinear effects). This is beyond the scope of this paper, though. 
IV. ANALYTICAL STUDIES
The resonance pattern found in Fig. 7 is consistent with the impedance model of the PSB extraction kicker. The latter takes into account the coupling to the kicker electrical circuit, including cables as coaxial transmission lines [30] . The frequency pattern of the resonances depends on the single-way delays and termination of the kicker circuit. The very low attenuation constant of the cables makes these resonances narrow with a Q value of about 100 and a shunt impedance in the order of MΩ=m (see Fig. 12 ), in very good agreement with the findings of Fig. 9 . Evidently, the measurement results are fully consistent with the first kicker resonance at ∼1.72 MHz.
The impedance model can also be used to predict the expected energies at which the instability will occur. The condition to drive an instability can be written as in [38, 39] :
where f i is the frequency of the impedance, f rev is the revolution frequency, Q x is the horizontal betatron tune, and n ∈ Z. The Q x is varied as a function of the kinetic energy according to the ISOLDE beam operational tune settings (similar to the bottom right of Fig. 2 ). Figure 13 shows the left-hand side of Eq. (3) as a function of the kinetic energy for the first and second kicker resonance. At each energy that an instability is triggered there is a range of tunes affecting the beam which depends on the bandwidth of each resonance (as seen in Fig. 9 for the case of 160 MeV kinetic energy). According to the theoretical analysis described above, all three experimentally observed instabilities along the PSB cycle at ∼370 ms, ∼478 ms, and ∼690 ms [20] are predicted and explained either by the first or the second kicker resonance. The first kicker resonance is responsible for the instability at ∼160 MeV (or at ∼370 ms in the PSB cycle), while the second resonance is responsible for the second and third instabilities at ∼330 MeV and ∼1. 25 GeV respectively (or else at ∼478 ms and ∼690 ms in the PSB cycle). The second resonance plays a marginal role below 160 MeV because the highest significant frequency of the bunch spectrum is smaller than the resonant frequency below this energy and, hence, does not excite the resonance. For the same reason, the third kicker resonance has a minor effect all along the PSB energy range. Moreover, no further instability is predicted for energies between 1.4 GeV and 2 GeV, as can be seen in Fig. 13 . Figure 13 explains for the first time why the instability in the PSB occurs only at specific energies. The revolution frequency, and thus the betatron frequency, changes with energy. As a consequence, the betatron tune at which the instability occurs due to a specific impedance also changes with energy.
Interestingly, the theoretical analysis depicted in Fig. 13 predicts that a horizontal instability should also occur at ∼55 MeV, which was never reported or observed in the PSB in the past. Dedicated measurements recording the horizontal pick-up signal at ∼55 MeV were made to validate this prediction. The measured pick-up signal is shown in Fig. 14. It illustrates a horizontal head-tail signal with two nodes, recorded and observed for the first time at the energy of ∼55 MeV.
Theory and machine measurements are in excellent agreement and the dependence of the instability characteristics on the kinetic energy is fully understood. As opposed to preceding studies, it is now evident that all observed instabilities along the PSB cycle can be explained by a single source, namely the resonances due to the kicker magnets and low-loss transmission cables of the extraction kicker system.
V. SOURCE OF HORIZONTAL INSTABILITY
Based on the aforementioned machine tests, as well as simulations and analytical studies, the resonances introduced by the transmission cables of the extraction kicker system, together with the short circuit kicker magnets, are the most likely source of the instability. Figure 15 shows a simplified electrical schematic of the PSB extraction kicker system, for one of the four rings of the PSB. The system consists of four main parts: (i) Pulse forming lines (PFLs); (ii) High power, fast switch (main switch in Fig. 15 ); (iii) Low-loss transmission cables (Tx in Fig. 15 ); (iv) Kicker magnets.
There are four kicker magnets per kicker system to deflect the beam in a ring (see Fig. 16 ). The magnets are excited in parallel (Fig. 15 ) by a single high voltage generator [40] . A few hundred nanoseconds before the required deflection to extract the beam, the main switch is turned on to launch a current pulse through a low-loss, 25 Ω transmission cable to each of the four kicker magnets. Each of these transmission line cables has a length of 18 m, which corresponds to a single-way delay of ∼90 ns. To achieve a fast field rise-time (88 ns, 5% to 95% specified) a relatively high characteristic impedance is required. In order to obtain a well impedance-matched system, thus with fast field rise time and a low ripple pulse, the magnets are of a transmission line design [41] . Each KFA14 magnet has a characteristic impedance of 26.3 Ω and a single-way delay of 34.6 ns. In order to obtain the required deflection angle, a current of 2.4 kA per magnet is needed. Therefore, the output of each of the four kicker magnets is terminated in a short-circuit, which allows the magnitude of the current to be doubled with respect to a matched resistive termination. However, the current pulse must travel both directions in the kicker magnet before the full-field is established [41] . Figure 15 shows a total of seven filter networks installed in each KFA14 kicker system. These filter networks help to reduce the rise time of the field in the kicker magnet and decrease the ripple in the field pulse. At the magnet end of each of the transmission cables there is a filter network consisting of a 150 pF capacitor, i.e., four such capacitors per kicker system. One of the two filter networks at the main switch end of the transmission cable is also a capacitor, but of 680 pF. The other one consists of both a 1 nF capacitor and a 5 Ω resistor connected in series. As mentioned above, the main switch is turned on shortly before the beam is extracted from the PSB. Hence, during the majority of time for which beam is circulating in the PSB, the main switch is in the off (high impedance) state. In this condition the transmission cables are terminated in a high impedance at the switch end and the output of each kicker magnet is terminated in a short-circuit.
The KFA14 kicker magnets do not contain a beam screen in their aperture. Therefore, the circulating bunches couple electromagnetically, relatively strongly, to the electrical circuit of the kicker magnet and induce a voltage in it. A resonance can be excited between the high impedance at the switch end and the output of each kicker magnet, which is terminated in a short-circuit. The quality factor of the resonance depends upon losses. Neglecting losses, the filter networks, and the small impedance mismatch between the transmissions cables and the kicker magnets, a resonance occurs when the frequency f r1 of the beam induced signal is:
where T t is the one-way delay between the short and open circuits. Similarly, depending upon losses, there can be a resonance at integer multiples of f r1 .
For the PSB extraction kicker, the sum of the single-way delays of the transmission cables and the kicker magnets is ∼125 ns, which gives f r1 of 2 MHz. However, the filter networks reduce this resonant frequency. PSpice [42] simulations predict the first resonance at 1.8 MHz. This is within 5% of the first resonant impedance seen by the beam (1.72 MHz, see Sec. III). In reality, f r1 would be expected to be below 1.8 MHz due to parasitic capacitance and inductance, which are not taken into account in the simplified equivalent circuit model.
On November 12, 2018, the last day before the two-year long shutdown of the accelerator complex, the proton run was extended for the PSB by a few hours to allow a temporary modification of one of the filter networks at the main switch end of the transmission cables. The modification was the replacement of the 1 nF capacitor with a short-circuit and the exchange of the 5 Ω for a 6.25 Ω resistance. Hence, the high impedance at the switch end of the transmission lines was replaced by a resistance which matches the characteristic impedance of the system. It should be noted that the kicker system cannot be pulsed in this configuration to actually extract the beam. Nevertheless, the beam can be circulated and lost in the machine, which is considered acceptable at 160 MeV from the radiation point of view. The results from the measurements of beam losses versus horizontal tune are shown in Fig. 17 .
With the modified kicker termination, no sign of the instability is observed even when the TFB is kept inactive all along the cycle. This unambiguously confirms that the instability is caused by the high impedance at the switch end of the transmission cables to the magnets, together with the short-circuit termination of each extraction kicker magnet.
Feedback FIG. 17 . Beam losses at 160 MeV versus horizontal tune with intensity N ¼ 3 × 10 12 p. Measurements with TFB off (red) and on (blue) are shown. With the temporarily modified kicker termination, no sign of the instability is observed even when the TFB is off, while severe beam losses were observed with the nominal operational configuration of the kicker [see Fig. 4(a) ].
Following the beam-based measurements, VNA measurements of the reflection coefficient S 11 were made to estimate the kicker system impedance before and after the aforementioned filter modifications (Fig. 18 , in blue and red, respectively). The first resonance, with the kicker in its operational termination, is measured at 1.82 MHz with a Q-factor of 85 (first blue resonance in Fig. 18 ), i.e., very close to the frequency and Q-factor found from the impedance model and PyHEADTAIL simulations (see Table I ). The measurements in Fig. 18 also clearly show that the filter modifications eliminated the high impedance resonance.
VI. OPTIONS TO PERMANENTLY SUPPRESS THE INSTABILITY
It is presently thought that the upgraded TFB system will be able to stabilize the beam, even with LIU-type beams and with higher intensity ISOLDE beams. Nevertheless, if it is necessary to suppress the first KFA14L1 resonance at ∼1.72 MHz, this cannot be achieved by replacing the kicker magnet short-circuit terminations by a matched resistor: the short circuits are necessary to achieve the required deflection angle in the available space. Thus, several ideas are under consideration: (i) Incorporate a beam screen in the aperture of each kicker magnet; (ii) Incorporate serigraphy in the aperture of each kicker magnet; (iii) Install a matched resistor from the thyratron cathode to ground [43] ; (iv) Install a diode and series resistor, connected between the output of the main switch on the transmission line side and ground [44] ; (v) Install a saturating inductor between each 25 Ω transmission cable and its associated kicker magnet [45] . The pros and cons of each of these options are discussed below.
A. Beam screen
Beam-coupling impedance reduction techniques have been implemented for the MKI kickers [46] used for injection into the CERN LHC rings. A 3 m long alumina tube was manufactured with 24 slots on its inside diameter [47, 48] , where beam screen conductors are inserted. The design of the upstream end of the beam screen, unintentionally resulted in an open-ended half-wavelength resonator. This is due to the screen conductors overlapping with the outer metalization [49] . Care must hence be taken that the frequency of the resonances does not coincide with lines in the beam spectrum which have significant beam intensity. In addition, the alumina tube results in ∼16 mm loss of aperture. Consequently, both the magnet aperture and the pulse current must be increased to achieve the required magnetic field strength. This is not considered a feasible option for the PSB since it would require that the extraction kicker magnets and generators are redesigned and rebuilt.
B. Serigraphy
Serigraphy can be used to reduce the beam coupling impedance of a kicker magnet [18, 50, 51] . A silver paste is used to create a rf coupler structure to shield the ferrite yoke from the beam. Current induced by the beam can flow on the serigraphy and hence the wakefields penetrating the ferrite are reduced in magnitude.
In order to achieve sufficient coupling, the serigraphy fingers must extend over a significant portion of the length of the yoke [52] . For kicker magnets with relatively short cells, such as the PSB extraction kicker magnet, the serigraphy must cross HV plates sandwiching the ferrite cores and an insulation must be introduced between the magnet and the serigraphy. This would result in the loss of at least 8 mm of aperture. The size of the aperture of the PSB extraction kicker magnets does not permit the installation of such shielding. This option is hence not considered feasible at present since it would require a redesign and rebuilding of the extraction kicker magnets and generators.
C. Matched resistor
To achieve a low beam impedance termination for the Spallation Neutron Source (SNS) extraction kicker system which has short-circuit magnets, Zhang [43] installed a resistor at the pulse forming network (PFN) end of the transmission cables to the magnet. In addition, a saturating inductor was installed between the PFN and the matched resistor. The saturating inductor provides high inductance during the period with circulating beam, thus isolating the resistor from the PFN. The value of the resistor was chosen to match the impedance of the transmission cables. However, this requires the PFN to supply twice the magnet current during the pulse. Measurements confirmed the efficacy of this design principle for achieving a low beam impedance termination [43] .
Although the matched resistor design principle was effective for providing a low beam impedance termination for the SNS beam extraction kicker system, it cannot be used for the CERN PSB without substantial modifications to the existing extraction kicker system. To provide a low beam impedance termination, the existing PSB system would require a 6.25 Ω termination at the PFL end of the transmission cables. In addition, the PFL would have to be replaced with a 3.125 Ω PFN and a thyratron capable of supplying twice the current of the existing switch. Hence, this option is not presently considered further.
D. Diode and series resistor
Shobuda [44] proposed, simulated, and implemented a diode and series resistor connected between the output of the main switch on the transmission line side and ground, to suppress a resonance in a kicker at the 3-GeV rapid cycling synchrotron of the Japan Proton Accelerator Research Complex (J-PARC). Similarly to the PSB, this kicker system also had a short-circuit termination.
The diode-resistor network reduced the maximum induced voltage by a factor of approximately three, relative to an open circuit at this end of the cables. In the case of the PSB extraction kickers, the increase in rise time and field ripple as reported in [44] would be unacceptable. However, it is also shown in [44] that the impedances of the container, including the diodes and resistors, significantly contribute to the damped oscillation introduced at the top of the rising edge of the current pulse. Therefore, it may be possible to reduce the magnitude of the oscillation by reducing the length of the cable that connects to the diode resistor network [44] .
An additional concern to include a diode-resistor network in the extraction kickers of the PSB is the long-term reliability of the diodes. The fast rising voltage across the diodes during turn-on of the thyratron switch (switch current rise time is ∼30 ns [10% to 90%]) may cause a degradation of the diode stack, e.g., due to transient voltage sharing issues. As a result, long-term tests and further studies are required to determine the reliability of this method.
E. Saturating inductor
A kicker magnet system studied for a proposed Canadian KAON factory in the 1990s required a fast field rise time, defined between 1% and 99% of the flattop deflection [53] . Three gap deuterium-filled thyratrons would be used for HV switching. The individual gaps break down in sequence with approximately 50 ns delay between them [54, 55] resulting in a displacement current during turn-on. This displacement current can significantly increase the rise time of the field in a kicker magnet [56] . A saturating inductor was placed at the electrical input to the kicker magnet to reduce the effect of the displacement current [56] . Without the saturating inductor a high impedance resonance was measured at ∼1 MHz and odd-integer multiples thereof [45] . The resonances due to the transmission cables were effectively eliminated by the presence of a saturating inductor consisting of CMD5005 ferrite [57] . The first resonance was shifted to a frequency of ∼9 MHz (Fig. 2 in [45] ).
Although the saturating inductor concept has been used to improve the electrical performance of kicker magnets [55, 58, 59] , to the authors knowledge it has not been previously used to mitigate beam coupling impedance in a kicker magnet. The PSB impedance model has been modified to include the effect of a saturating inductor of 25 μH. The latter is connected between the low-loss transmission cables and the filter network consisting of a 150 pF capacitor (Fig. 15 ). The presence of the saturating inductor shifts the first beam coupling impedance resonance from 1.72 MHz down to ∼450 kHz. Predictions of the horizontal instability growth rate at 160 MeV using the PSB beam coupling impedance with the modified electrical circuit are shown in Fig. 19 . With the saturating inductor, the instability is suppressed for tunes between 4.10 and 4.45, i.e., below the half integer. Similar analysis as the one described in Sec. IV was followed to study the impact of the shifted resonance at 450 kHz for all energies in the PSB cycle. The results are plotted in Fig. 20 . No instability is expected between 160 MeV and 2 GeV with the modified electrical circuit of the PSB extraction kicker system (orange line in Fig. 20) .
Further studies are required to ensure that a saturating inductor is suitably dimensioned and does not result in a ripple on the flat-top field. In addition, longitudinal and transverse beam coupling impedance measurements will be carried out on a representative short circuit kicker magnet with appropriate coaxial cables connected, open circuit at their remote end, with and without saturating inductors connected in circuit, to confirm their influence upon resonances seen by the beam.
VII. SUMMARY
A horizontal head-tail instability has been observed for more than 40 years in the PSB. Its source remained unknown and the instability was suppressed during routine operation by the transverse feedback system. Thanks to recent measurements, simulations, and theoretical analysis, the source of the instability has been identified. A single source, namely the resonances introduced by the cables of the PSB extraction kicker system, is found to be responsible for all the observed instabilities along the PSB cycle. Simulations and analysis with Sacherer's formalism agree with the measurement results and clearly pinpoint the origin of the instability. It is given by the high impedance at the thyratron switch end of the transmission cables to the kicker magnets together with the short-circuit termination of each magnet. Due to the experience obtained at the PSB, the Low Energy Ion Ring (LEIR) [60] and J-PARC, a significant conclusion can be drawn: just a single mismatched device can lead to severe beam instabilities.
With the upgrade of the TFB hardware already envisaged for the LIU, the instability is currently expected to be suppressed from the very beginning of the PSB cycle at the future injection kinetic energy of 160 MeV. Moreover, no further instability is predicted according to the theoretical analysis for energies between 1.4 GeV and 2 GeV. Nevertheless, several ideas were considered as measures to permanently suppress the kicker resonance. The diode and series resistor is a promising approach, although studies and tests are required to ensure long-term reliability. The initial studies for the saturating inductor are also promising as the 1.72 MHz resonance could be shifted down to 450 kHz and no horizontal instability is predicted for tunes below the half integer for all energies in the PSB cycle. However, further investigations are necessary, as are longitudinal and transverse beam coupling impedance measurements.
